We present measurements of the transverse-momentum dependence of elliptic flow v2 for identified pions and (anti)protons at midrapidity (|η| < 0.35), in 0%-5% central p+Au and 3 He+Au collisions at √ s N N = 200 GeV. When taken together with previously published measurements in d+Au collisions at √ s N N = 200 GeV, the results cover a broad range of small-collision-system multiplicities and intrinsic initial geometries. We observe a clear mass-dependent splitting of v2(pT ) in d+Au and 3 He+Au collisions, just as in large nucleus-nucleus (A+A) collisions, and a smaller splitting in p+Au collisions. Both hydrodynamic and transport model calculations successfully describe the data at low pT (< 1.5 GeV/c), but fail to describe various features at higher pT . In all systems, the v2 values follow an approximate quark-number scaling as a function of the hadron transverse kinetic energy per constituent quark(KET /nq), which was also seen previously in A+A collisions.
We present measurements of the transverse-momentum dependence of elliptic flow v2 for identified pions and (anti)protons at midrapidity (|η| < 0.35), in 0%-5% central p+Au and 3 He+Au collisions at √ s N N = 200 GeV. When taken together with previously published measurements in d+Au collisions at √ s N N = 200 GeV, the results cover a broad range of small-collision-system multiplicities and intrinsic initial geometries. We observe a clear mass-dependent splitting of v2(pT ) in d+Au and 3 He+Au collisions, just as in large nucleus-nucleus (A+A) collisions, and a smaller splitting in p+Au collisions. Both hydrodynamic and transport model calculations successfully describe the data at low pT (< 1.5 GeV/c), but fail to describe various features at higher pT . In all systems, the v2 values follow an approximate quark-number scaling as a function of the hadron transverse kinetic energy per constituent quark(KET /nq), which was also seen previously in A+A collisions.
I. INTRODUCTION
Recent years have seen a paradigm shift in our understanding of the minimum conditions required for the production of the quark-gluon plasma (QGP). In large nucleus-nucleus (A+A) collisions, signals of collective behavior-such as the azimuthal momentum anisotropy of final-state particles relative to the event plane-have been successfully understood in the context of nearlyinviscid hydrodynamic calculations, thus establishing the notion of a strongly interacting, nearly-perfect fluid being formed in this class of collisions [1] .
However, the discovery of the same azimuthal anisotropy signals in a variety of small collision systems (i.e, p, d, 3 He+Au at √ s N N = 200 GeV [2] [3] [4] ; p+Pb at √ s N N = 5.02 TeV; p+p at √ s = 2.76, 5.02, and 13 TeV [5] [6] [7] [8] [9] [10] [11] ; and an earlier observation of long-range twoparticle correlations in p+p collisions at √ s = 7 TeV [10] ) pose a challenge. It was believed that the system size in this class of collisions is too small to create any significant amount of hot nuclear matter, which in any case would be very short lived. There are also alternative explanations for these anisotropy signals based on momentum space domains and color recombination, such as [12, 13] , although they lack quantitative predictions for small-system observables at the Relativistic Heavy Ion Collider (RHIC). Therefore, in small collision systems, the identification of collective behavior with the hydrodynamic expansion of any potential QGP requires further scrutiny.
Measurements of elliptic and triangular flow (v 2 , v 3 ) at RHIC in 3 He+Au collisions, as well as of v 2 in d+Au and p+Au collisions, demonstrated that the observed collective response in small collision systems is directly correlated with the event geometry [3, 4, 14] , just as in A+A collisions where the geometric configuration of the overlapping nuclei determines the pressure gradients that * Deceased † PHENIX Spokesperson: akiba@rcf.rhic.bnl.gov drive the expansion of the resulting QGP. Viscous hydrodynamic calculations successfully describe the measurements in the above geometry-controlled experiments at RHIC [15] [16] [17] [18] , as well as those made at the Large Hadron Collider (LHC) in p+Pb, and even in p+p collisions [19] . The success of hydrodynamics in describing small-system collectivity over such a wide range of energies and for a variety of systems is taken as evidence for the claim that the QGP is formed in these collisions and through its expansion translates initial geometry into final-state momentum anisotropy. If collectivity in small systems can indeed be understood as arising from the expansion of QGP droplets along pressure gradients determined by geometry, there should necessarily be a mass ordering of v 2 (p T ) for identified final-state hadrons. Strong radial expansion in the hydrodynamic evolution results in a shifting of the anisotropy pattern to higher p T for higher mass hadrons due to a common velocity boost [1] . This fingerprint of hydrodynamic expansion on the v 2 (m, p T ) is one of the key signatures of the nearly inviscid fluid nature of the QGP formed in A+A collisions-see for example [20] . Recently, such mass ordering has been observed in d+Au collisions at RHIC [3] and in p+Pb collisions at the LHC [21, 22] .
It is notable that a-multiphase-transport model (ampt), an instance of a broader family of kinetic transport models [23] , also finds a mass ordering of v 2 (p T ) in both A+A and small systems, despite having only a modest number of parton scatterings and thus nothing close to a radial velocity field as in hydrodynamics [24] . Within ampt the mass ordering is found to arise from the hadronic rescattering phase, after all partons have coalesced into hadrons, incorporating the different inelastic cross sections for different hadrons [24] . There are other approaches with fragmentation of saturated gluon states [25] and with color strings followed by hydrodynamics [26] that achieve some degree of mass ordering, though currently lacking in any predictions for small systems at RHIC energies.
The present study completes the set of small-system projectile geometry results at top RHIC energy by pro-viding v 2 measurements for pions and (anti)protons (henceforth referred to as "protons") in central p+Au and 3 He+Au collisions at √ s N N = 200 GeV, and compares to v 2 measurements for pions and (anti)protons in central d+Au collisions at the same energy [3] . Detailed comparisons are then made with theory calculations from viscous hydrodynamics, as encoded in the supersonic [27] and the iebe-vishnu models [18] , and the kinetic transport model ampt.
II. METHODS
The PHENIX collaboration has measured the v 2 (p T ) of identified particles in p+Au, d+Au and 3 He+Au collisions. We apply the same analysis procedure to all three systems in the same centrality class, to provide a controlled comparison from which to draw conclusions.
A complete description of the PHENIX detector and its subsystems can be found in [28, 29] . Charged particles are reconstructed with the two central arm spectrometers, comprising drift chambers (DC) and multiwire proportional pad chambers (PC). Each arm covers an acceptance of |η| < 0.35 in pseudorapidity and π/2 in azimuth. Tracks in the drift chamber are matched to hits in the outermost layer of the PC in order to limit tracks from particle decays and photon conversions. Particle identification is accomplished using the time of flight detector (TOF). The TOF comprises two separate arms (east and west), constructed using scintillators [30] and multi-gap resistive plate chambers [31] , respectively. The timing resolutions for the east and west TOF are 130 ps and 95 ps, respectively. At low p T (< 1 GeV/c), up to 15% of the reconstructed protons are secondary particles that originate from interactions of energetic particles produced in the collisions with detector material, primarily the silicon vertex tracker (VTX), which covers the pseudorapidity range |η| < 1.2. Detector simulations using GEANT3 [32] indicate that the contamination in the proton sample is negligible for p T > 1 GeV/c, not present in the anti-proton distributions, and negligible in the charged pion sample at all p T . To remove the background in the proton sample, the VTX detector [33] is used in conjunction with the DC to select proton tracks with p T < 1 GeV/c based on their distance of closest approach (DCA) to the primary vertex in the x-y plane transverse to the beam direction. The tracks are required to be within two standard deviations of the mean value of the DCA distribution. This additional selection is not applied at higher p T nor for particle species for which the secondary-particle contamination is negligible. The pions and protons selected for the analysis are identified with purity of over 98% for p T up to 3 GeV/c in all collision systems.
The beam-beam counters (BBC) comprise two arrays of 64 quartz radiatorČerenkov detectors, placed longitudinally ±1.44 m away from the center of the interaction region (IR), covering 3.0 < |η| < 3.9 and 2π in azimuth. The forward vertex detector (FVTX) is a silicon detector comprised of two identical end-cap assemblies symmetrically arranged in the longitudinal direction around the IR, covering the pseudorapidity acceptance 1.0 < |η| < 3.0. Using hit clusters, it can detect charged particles with an efficiency greater than 95%. The arms of the BBC and FVTX in the Au-going direction (i.e., η < 0) are designated as the south arms and designated BBC-S and FVTX-S, respectively. We use the south arm of each of these detectors to determine the event plane of the collision. In addition, timing information from the BBC is used to determine the z-vertex of the collision. In this analysis, a ±10 cm cut on the collision z-vertex is applied.
The p+Au data set for this analysis, taken during the 2015 run at RHIC, comprises 0.84 billion minimum bias (MB) triggered events and 1.4 billion high-multiplicity (HM) triggered events. The MB trigger is defined as a coincidence in the same event between both arms of the BBC detector [34] , requiring that at least one photomultiplier tube (PMT) fire in each. This definition allows 84±4% of the total inelastic p+Au cross section to be captured. The HM trigger is based on the MB trigger, but with the additional requirement of more than 35 photomultiplier tubes firing in the BBC-S. Events that satisfy this trigger condition correspond roughly to the 5% most central event class. The use of this high-multiplicity trigger allows us to increase our central p+Au event sample size by a factor of 25. The 3 He+Au data set for this analysis was recorded during the 2014 run at RHIC, and comprises 1.6 billion MB events and 480 million HM events. The HM trigger used in 3 He+Au is also based on the MB trigger, but with the additional requirement of more than 48 photomultiplier tubes firing in the BBC-S. The d+Au data set was recorded during the 2008 run, and comprises 1.56 billion MB events.
In this analysis, we select the 0%-5% most central events in all collision systems, where centrality classes are defined as percentiles of the total charged particle multiplicity as measured in the BBC-S, following the procedure presented in [35] . We follow the identical analysis procedure that was previously used in 3 He+Au and p+Au collisions [4, 14] to measure v 2 for inclusive charged hadrons. Namely, we measure v 2 for final-state single hadrons at midrapidity with respect to the event plane [36] of the collision, as follows:
.
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is determined using the FVTX-S detector.
Its resolution Res(Ψ 2 ) is evaluated using the standard threesubevent method [36] , correlating independent measurements made in the BBC-S, FVTX-S, and the central arms. The resolution of the event plane is found to be Res(Ψ FVTX-S, p+Au 2 ) = 0.171 in p+Au collisions, and Res(Ψ FVTX-S, 3 He+Au 2 ) = 0.274 in 3 He+Au collisions. If the event plane is instead measured using the BBC-S detector, we obtain a lower resolution Res(Ψ BBC-S, p+Au 2 ) = 0.062 in p+Au and Res(Ψ BBC-S, 3 He+Au 2 ) = 0.070 in 3 He+Au collisions. The event-plane resolution depends on the particle multiplicity registered in the detectors used for event-plane determination, which results in better resolution in FVTX-S than in BBC-S.
We identify the following as the main sources of systematic uncertainty in the v 2 (p T ) measurement:
1. Background tracks from weak decays, photon conversions, and misreconstructed tracks. We estimate the magnitude of this uncertainty by narrowing the spatial matching windows of the tracks and the hits in the outermost layer of the PC, from 3σ to 2σ and comparing the resulting values of v 2 (p T ). The relative uncertainty in v 2 is 2% in both p+Au and 3 He+Au collisions.
2. Multiple collisions per bunch crossing. Also referred to as event pile-up, these are observed to occur at an average rate of 8% (4%-5%) in the centrality class of interest in p+Au ( 3 He+Au) collisions. We estimate the associated systematic uncertainty by analyzing low-and high-luminosity subsets of the data. The measured v 2 was found to decrease in events with higher pile-up rate, and an asymmetric systematic uncertainty of +4 −0 % was assigned in p+Au, and +5 −0 % was assigned in 3 He+Au collisions.
Nonflow correlations from elementary processes.
There are many sources of correlations among particles which enhance the measured v 2 , yet are unrelated to collective flow, such as momentum conservation. We use a reference method previously employed in PHENIX analyses of small-system collectivity [14] to assign a p T -dependent asymmetric uncertainty with a maximum value of 3 He+Au collisions, respectively. The nonflow effect has a larger relative contribution in p+Au collisions due to the smaller multiplicity in this system. 4 . Detector acceptance asymmetry. In p+Au collisions, there exists an asymmetry between the east (π/2 < φ < 3π/2) and west (−π/2 < φ < π/2) acceptance of the detectors, originating from a 3.6 mrad offset between the beams at the collision point and the longitudinal axis of PHENIX. This offset is necessary in order to run p+Au collisions at the same momentum per nucleon. We account for this effect by performing a counter-rotation on every central arm track and detector element in the FVTX and the BBC, taking care to restore their azimuthal anisotropy by re-weighting. There remains a small residual asymmetry after applying these corrections in p+Au. Meanwhile in 3 He+Au collisions this beam angle is negligible and we assign a value of 5% for this systematic uncertainty by taking the difference of v 2 when measured exclusively in the east or west arms in both p+Au and 3 He+Au collisions.
Event plane measured with different detectors.
We observe the measured v 2 (p T ) to differ when using the event plane as determined using the BBC-S or the FVTX-S detectors. Despite the large difference in event-plane resolution in these two detectors, the differences in the measured v 2 (p T ) values are only of the order 3% in p+Au, and 5% in 3 He+Au collisions, which demonstrates that the corrections for event-plane resolution are well understood.
6. Particle identification purity. The effect of particle identification purity on the measured v 2 values is evaluated by varying the width of particle selection windows in the mass-squared vs p T space from 2 σ to 1.5 σ. The uncertainty is found to be at most 2% for both pions and protons in both collision systems. Table I summarizes all these systematic uncertainties, categorized by type:
A point-to-point uncorrelated between p T bins, B point-to-point correlated between p T bins, C overall normalization uncertainty in which all data points are scaled by the same multiplicative factor. Figure 1 shows v 2 (p T ) for identified pions and protons in 0%-5% central p+Au, d+Au [3] , and 3 He+Au collisions. For both pions and protons the v 2 (p T ) values are higher in d+Au and 3 He+Au collisions than in p+Au collisions, as previously observed for inclusive charged hadrons [14] . These values follow the ordering of the initial geometric eccentricity ε 2 (p+Au) < ε 2 ( 3 He+Au) ≈ ε 2 (d+Au). 
III. RESULTS AND DISCUSSION
3 He+Au collisions. The measurements are compared to hydrodynamic calculations using the supersonic model [37] , matched to the same multiplicity at midrapidity as the data. Note that the data points shown include nonflow contributions, whose estimated magnitude is accounted for in the asymmetric systematic uncertainties. In the d+Au and 3 He+Au systems, there is a clear separation between the pion and proton v 2 , with the pion v 2 being larger than the proton v 2 for p T < ∼ 1.5 GeV/c and this order being reversed at higher p T . In the p+Au system, the pion and proton v 2 (p T ) values show smaller overall splitting. The splitting pattern and the reversal of the mass ordering above p T > ∼ 1.5 GeV/c is qualitatively the same as has been observed in Au+Au collisions at √ s N N = 200 GeV [20] . Figure 1 compares the measured v 2 (p T ) with hydrodynamic calculations using the supersonic model [37] . This model comprises standard Monte Carlo Glauber initial conditions followed by a viscous hydrodynamic expansion stage with η/s = 0.08, Cooper-Frye hadronization at T = 170 MeV, and a subsequent hadronic cascade code, B3D [38] . The supersonic model additionally incorporates pre-equilibrium dynamics via a calculation in the context of the AdS/CFT correspondence [39] [40] [41] . These hydrodynamic calculations are matched to the measured charged particle density at midrapidity in the 0%-5% centrality class for d+Au and 3 He+Au (i.e., dN ch /dη = 20.0 and 27.0, respectively [42] ). Because dN ch /dη has not yet been measured in p+Au collisions, a value of dN ch /dη = 10.0 was extrapolated for this system [37] .
We observe that the hydrodynamic calculations agree with the data within uncertainties at low p T , but fail to describe the reversal of the pion and proton v 2 ordering for p T > 1.5 GeV/c. Viscous hydrodynamic calculations similarly describe Au+Au v 2 data at low p T but do not match the strong reverse ordering at higher p T . For p T < 1.5 GeV/c, the mass splitting increases in going from p+Au to d+Au and 3 He+Au as also seen in the data. Within the context of hydrodynamic calculations, this is due to the increased radial flow and consequently larger velocity boost when going from the smaller and lower multiplicity system to the larger and higher multiplicity systems.
In the case of ideal hydrodynamics, i.e. with zero viscosity, the v 2 values for all hadrons asymptotically approach each other at high p T [43] . However, viscous effects and the incorporation of late stage hadronic rescattering have the effect of lowering the high p T v 2 values, more strongly so for pions. This can be seen in the supersonic calculations. However, the predicted high p T splitting is much smaller than that seen in the d+Au and 3 He+Au data. It is in this high p T region in A+A collisions that proposals of hadronization via recombination [44] have been set forth to explain the v 2 splitting as well as the observation of enhanced baryon yields [45, 46] . Figure 2 shows results from another viscous hydrodynamic calculation, iebe-vishnu [18] . The calculation includes event-by-event fluctuating initial conditions via Monte Carlo Glauber simulation and then viscous hydrodynamics starting at τ 0 = 0.6 fm/c. The hydrodynamic evolution utilizes an η/s = 0.08 for RHIC energies and ends at T = 155 MeV. After that point, hadronization occurs and hadronic rescattering is implemented using urqmd 3.4 [47, 48] . The calculation results with viscous hydrodynamics followed by hadronic rescattering show good agreement with the experimental data for all three small systems. Also shown are results with no hadronic rescattering that reveal almost no change in the v 2 for pions and protons for p T < 1.5 GeV/c. The authors [18] conclude that hadronic rescattering plays a modest but important role in the system development and particle species dependence of v 2 in these small systems. Figure 3 compares the experimental data to transport model calculations of v 2 (p T ) for each system using ampt [23] . The ampt model has been successful in describing various features of small-system collectivity at RHIC and the LHC, over a wide range of collision energies [49] [50] [51] [52] [53] . It uses Monte Carlo Glauber initial conditions, and it models the evolution of the system via strings that melt into partons, followed by a succession of partonic scattering, spatial coalescence, and late-stage hadronic scattering implemented in art [54] . We show results from the full ampt time evolution with a partonic cross section σ part = 1.5 mb, as well as results with the hadronic rescattering turned off. We calculate v 2 in central (i.e., b < 2 fm) ampt events, relative to the parton participant plane. That is, the event plane is calculated using the initial coordinates of the partons, as they emerge from string melting at early times. We observe that the full ampt describes the mass-dependent splitting in d+Au and 3 He+Au for p T < 1.5 GeV/c. In p+Au collisions, the model results in a smaller mass splitting, which is reversed at high p T yet below the experimental data. As noted in [24] , ampt generates significant v 2 , and in particular mass splitting, in the hadronic rescattering stage. As also shown in Figure 3 , the results without rescattering have significantly lower v 2 values and almost no mass splitting for p T < 1 GeV/c. At higher p T , the feature of v 2 for protons being greater than pions remains without hadronic rescattering and is associated with the spatial coalescence implementation for hadronization. Figure 4 shows the ratio of pion to proton v 2 (p T ) in all collision systems, with the corresponding theory curves overlaid. In the ratio, many systematic uncertainties cancel and thus one sees more precisely that the data exhibit a similar trend in all collisions systems where pion v 2 is larger than proton v 2 for p T < 1.5 GeV/c, with the order reversed at higher p T . Linear fits on these ratios ranged from 0.5 GeV/c to 3.0 GeV/c , which include both the statistical and the systematic uncertainties, yield slope values of −0.22 ± 0.07 in p+Au collisions,−0.40 ± 0.07 in d+Au collisions, and −0.34 ± 0.03 in 3 He+Au collisions. In this ratio, one can clearly see that supersonic, iebe-vishnu, and the full ampt modeling describe the mass splitting in d+Au and 3 He+Au for p T < 1.5 GeV/c. In the p+Au case, it appears that the calculations overpredict the more modest splitting at the lowest measured p T = 0.5 GeV/c. The results from ampt without hadronic rescattering have very little mass splitting at low p T in disagreement with the experimental data, particularly for d+Au and 3 He+Au collisions. Above the crossing point, supersonic, and iebe-vishnu predict nearly flat ratios, while ampt describes the ratio of the v 2 values, but not their individual magnitudes. These differences may be attributed to the different hadronization mechanisms (e.g. -if recombination is included) in the models.
The observation of a mass-dependent v 2 strengthens the case for associating small-system collectivity with the expansion of QGP droplets formed in these collisions, where the splitting can be understood in terms of the presence of a common radial flow field with anisotropic modulations driven by initial geometry. However, the theoretical calculations presented in this paper provide several alternative explanations of how the azimuthal anisotropies for different particle species may occur. For instance, in kinetic transport, parton scattering translates initial geometry into final state momentum anisotropy, but it does not account for the observed mass splitting. Instead, this feature has been shown to arise solely from the hadronic rescattering stage where different hadrons have different inelastic cross sections [24] . There is more hadronic rescattering in 3 He+Au and d+Au compared with p+Au for these central collisions because they have a higher particle density. It is interesting that this conclusion based on ampt regarding the contribution of the hadronic rescattering stage is opposite to that reached using viscous hydrodynamics [18] .
Differences in the hadronic scattering packages B3D [55] used in supersonic, urqmd [48] used in iebe-vishnu, and art [23] used in ampt warrant further investigation.
Finally, we return to the high p T region where neither viscous hydrodynamics nor parton transport calculations match the data. Figure 5 shows the scaling of v 2 with constituent quarks as a function of transverse kinetic energy per quark KE T /n q = ( p 2 T + m 2 −m)/n q , where m is the mass of the hadron and n q represents the number of constituent quarks in the hadron. In all three systems, the v 2 /n q for pions and protons as a function of KE T /n q follow an approximate quark-number scaling. The same scaling was previously observed in A+A collisions [56] . At intermediate p T (1.5-4 GeV/c), the enhancement of baryons over mesons and the reversed mass ordering of v 2 in A+A collisions have been interpreted in terms of hadronization via recombination. At even higher p T , the scaling breaks down in noncentral A+A collisions [57] . Similar to the observations in A+A, the enhancement of baryon over meson yields at intermediate p T has been observed in central d+Au collisions [31] , and now we also see the scaling with n q in all three small collision systems. The scaling works better in d+Au and 3 He+Au collisions, where the projectile sizes and the particle densities are higher.
IV. SUMMARY
We have presented results on the transverse momentum dependence of elliptic flow v 2 of identified pions and (anti)protons in central 0%-5% p+Au, d+Au and 3 He+Au at √ s N N = 200 GeV. The d+Au and 3 He+Au data show a clear mass splitting with v 2 for pions larger than v 2 of protons for p T < 1.5 GeV/c, and then a reversal of the ordering at higher p T . The mass dependence is smaller in p+Au collisions than in d+Au and 3 He+Au collisions. Theoretical calculations, from viscous hydrodynamics and parton transport, yield a reasonable description of the low p T mass splitting, despite having quite different mechanisms responsible for the observed mass dependence. At higher p T , both models fail to describe the data, missing either the absolute value or the observed mass dependence. A scaling of v 2 with the number of constituent quarks, motivated by recombination, is observed in the data and is found to hold better in d+Au and 3 He+Au collisions, where the particle multiplicities are larger. All of these observations are qualitatively similar to previously measured effects in A+A collisions. This again puts into sharp focus the question of whether the observations can be understood as arising from the same underlying physics, e.g. inviscid fluid expansion, in both large and small collisions systems. 
